The periodical ravages of locusts and grasshoppers have been sufficiently documented through history that it is easy to appreciate the seriousness of such outbreaks. We believe, however, that most people grossly underestimate the forage resources that are destroyed annually by typical "noneconomical" populations of grasshoppers.
Grasshoppers have been recognized as a problem on rangeland in the western United States since the first settlers planted crops and grazed domestic livestock. At certain times in history, such as the late 1800's and early 1900's, grasshoppers caused extensive damage to both crops and grasslands. Significant forage and crop losses still occur in spite of control measures by government agencies and individual ranchers. For example, in 1979, grasshoppers were the most widespread and caused the most damage since the major outbreaks of the late 1930 's. From 1941 , grasshopper populations fluctuated from year to year but each year losses occurred in many areas of the West. This problem is of great concern both to ranchers whose livestock must compete with grasshoppers for grazing privileges and to government personnel who are responsible for decisions regarding grazing management and insect control effects. This paper gives a perspective of forage destruction on western rangeland by grasshoppers. An attempt is made to show how the problem has been approached in past years, as well as to show that the potential for forage losses is as great today as in the past. It is written for scientists, extension personnel, and range managers to provide a rational basis for decisions concerning research and management policies.
Grasshopper Life History and Ecology
About 600 species of grasshoppers occur within the United States. Only about a dozen species frequently occur in high densities on rangeland, but one or more of these major pest species occur in every major range ecosystem; an additional dozen species occaAuthors are stationed at the Rangeland Insect Laboratory, USDA-AR& Bozeman, Mont. 59717.
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sionally occur in high densities (Hewitt 1977) . Some species such as Hypochlora alba (Dodge) and Hesperotrttix viridis (Thomas) feed on undesirable plants and may be considered beneficial. However, the majority of species consume and destroy valuable grasses and forbs, and thereby compete with livestock and wildlife.
Most grasshoppers lay eggs in the fall. An extended warm fall with moist surface soil favors egg deposition. The eggs overwinter in diapause and hatch the following spring, usually beginning in late April in southern states and in late May in northern states. The time of hatching can be predicted by monitoring egg development in the fall and soil or air temperature in the spring (Randell and Mukerji 1974 , Gage et al. 1976 , Mukerji et al. 1977 , Hewitt 1979 ), but such surveys are expensive and time consuming. Time of hatching can also be associated with development of key indicator plants (Hewitt 1980) . However, a reliable and economical method for predicting spring grasshopper populations is not available.
Hatching takes place over a period of several weeks. While one species of potential economic importance, Aeropedellus clavatus (Thomas), is among the first to appear in the spring, a.nd another, Phoetaliotes nebrascensis (Thomas), is among the last, most economic species occupy a median niche within the hatching period. Control measures therefore should be applied late enough to expose the majority of hatchlings but early enough to prevent major forage destruction. These are conflicting goals, so the use of a short-lived insecticide requires some compromise.
Most common rangeland grasshoppers go through 5 nymphal instars before the final molt to the adult stage. Each instar requires approximately 1 week. Adults become sexually mature in lo-14 days and commonly live as reproductive individuals for about 3 weeks. Under ideal conditions, senescent individuals may live for an additional 4-6 weeks. The potential lifespan of grasshoppers may therefore total 14-16 weeks after hatching; the actual lifespan in nature, however, is subject to several important moderating factors.
Mortality is typically high during the egg stage and the first 2 nymphal instars, and direct mortality may occur at catastrophic levels if hatching is followed by several days of freezing temperatures. High relative humidity can cause extensive epizootics of a fungus disease, Entomophthora grylli. The potential of a threatening infestation therefore. cannot be accurately assessed until most of the grasshoppers have developed to the 3rd nymphal instar. -During and following the 3rd instar, the probability of catastrophic mortality becomes greatly reduced and other less intense mortality factors assume prominence. These include insect parasites and predators, birds, and other pathogens.
In a 3-year study near Roundup, Mont., the average longevity for 6 important species of rangeland grasshoppers was 7.1-10.5 days per nymphal instar and 12.1-21.4 days for the adult stage (Onsager and Hewitt 1982) . In an experiment near Sheridan, Wyo., the longevity of mixed populations of late-instar grasshoppers at 20 rangeland sites was found to be inversely related to density (Onsager et al. 1980) . Average longevity of the 4th and 5th instar nymphal plus adult stages ranged from about 95 days at 1 grasshopper/ m2 to only 25 days at 30 grasshoppers/ m2. Observed population decay curves for high, moderate, and low density popu-
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lations were similar to the hypothetical example shown in Figure I . The incidence of predators and parasites tended to be directly proportional to densities of grasshoppers, so it was assumed that the reduced longevity in dense infestations was at least partially a result of those densitydependent causes of mortality.
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Effects of Grazing by GrasshoppersT
Grasshoppers have chewing mouth parts and graze in much the same manner as livestock, except I/ 3 to l/2 of the severed plant material falls to the ground as litter (Mitchell and Pfadt 1974) . Some species prefer forbs, some prefer grasses, and some are omnivorous (Mulkern 1967) . In general, most economic species tend either to be omnivorous (especially the early instars) or to prefer grasses. Laboratory data suggest that some grazing by grasshoppers may be beneficial in that regrowth was stimulated (Dyer and Bokhari 1976) . In the field, however, heavy grazing can destroy entire plants or large portions of plants, thereby reducing photosynthetic area, inhibiting vegetative productioti, and reducing root reserves (Burleson and Hewitt 1982) . Overgrazing by grasshoppers therefore can be at least as serious as overgrazing by livestock.
The amount of forage consumed and wasted by grasshoppers tends to increase with increasing stages of development (Hewitt 1978) . The first 2 nymphal instars are generally of little consequence because they destroy very little forage compared to later instars and they occur early in the season when conditions are generally favorable for plant growth. The 3rd instar tends to become important for 3 major reasons: (I) it begins,to consume significant amounts of forage, (2) its appearance coincides with maturation of several important cool-season grasses so most of the forage that is consumed will not be replaced by regrowth, and (3) the probability of catastrophic mortality becomes relatively low (Hewitt 1979) . This relationship is shown in Figure 2 . Late-instar nymphs and adult grasshoppers consume or waste an average of 44.3 mg of rangeland forage per day (Hewitt 1977) .
Seasonal grazing pressure has been estimated by calculating the cumulative number of grasshoppers that fed for l-day intervals within an area, a unit that was referred to as a "grasshopper feeding day," abbreviated GFD (Hewitt et al. 1976) . Assuming an initial density of 30 late-instar grasshoppers/ m2 and an average longevity of 25 days, the GFD/ mr for the season can be calculated as 30 X 25 = 750. The method is illustrated in Figure 3 , in which GFD equals the area under the curve. Figure 3 is only an approximation because density decay curves are exponential rather than lineal (Onsager and Hewitt 1982) . However, Hewitt et al. (1976) and Onsager (1978) found that the relatively simple lineal relationship was adequate for describing natural populations that contained a mixture of late instars and adults.
The seasonal distribution of the GFD's is of extreme significance to a grasshopTercontro1 program. The amount of forage that is destroyed (most of which is not replaced) for each weekly interval after grasshoppers become 4th instars can be estimated as a pro- portion of the total area under the curve. Thus, in Figure 3 , approximately 26,22, and 18% of the total seasonal forage destruction is caused by predominantly 4th-and Sth-instar nymphs and adults, respectively, during the first 3 weeks of the %-day period.
In other words, if control measures are delayed until grasshoppers are predominantly adults, perhaps 50% of their potential forage destruction will have already taken place.
Grasshopper Habitats
Rangeland can be described as land devoted to the production of predominantly native forage that is harvested by grazing animals. Rangeland comprises about 262 million ha west of the Mississippi River (USDA 1978). Grasslands and pasture comprise 227 million ha, and 36 million ha of grazable land are located within the western national forests (USDA 1978 , Clapp 1936 ). An additional 21 million ha of cropland occasionally are used for pasture but grasshoppers generally are not a problem in intensively managed pasture. Rangeland grasshoppers are common and cause forage losses in 17 of the 22 western states. Only 5 states west of the Mississippi River (Minnesota, Iowa, Missouri, Arkansas, and Louisiana) generally do not have consistent problems with grasshoppers on rangeland.
Rangelands vary from prairie grasslands to alpine meadows and from deserts in the Southwest to open forests in the Rocky Mountains. Some ranges are grazed during the entire year, some during midsummer, some during spring and fall, and some during the winter. Grasses are the most important source of forage on western rangeland. Cool-season grasses dominate much of the northern United States and warm-season species dominate much of the southern area, but some areas have both types. Grasshoppers occur on all types of rangeland but are generally of greatest economic importance in areas dominated by grasses and forbs where the annual precipitation is less than 60 cm. A summary of the location and extent of rangeland ecosystems in 17 western states is given in Table 1 . The grasslands of the Great Plains provide choice habitat for many economic grasshopper species. This ecosystem extends from Canada to Mexico, just east of the Rocky Mountains, in a belt about 800 km wide. The Great Plains occupy parts or entire areas of 10 states: Montana, Wyoming, Colorado, New Mexico, North Dakota, South Dakota, Nebraska, Kansas, Oklahoma, and Texas. The intermountain area lies between the Rocky Mountainsand the Sierra Nevada and Cascade Range, and is broken by mountain ranges, valleys, and deserts. The dominant vegetation may be mountain or desert shrubs, pinyon-juniper areas, mountain grasslands, or sagebrush areas. The remaining rangeland lies primarily west of the Sierra Nevadas in California and consists of annual grasslands or desert shrubs. Grasshoppers are found in all of these areas, but highest densities are usually associated with areas where grasses and forbs predominate. For example, high grasshopper populations are seldom found within areas ofdense sagebrush, but the sagebrush ecosystem does support higher grasshopper populations where grass comprises a higher percentage of the ground cover.
Potential Forage Losses
The average forage production on western rangeland is difficult to determine. Production is regulated largely by precipitation and soil moisture, and it varies greatly among and within ecosystems. Variations in production are also a result of interactions between many factors such as soil depth and fertility, plant species, grazing practices, and range condition. Forage destruction by infestations of grasshoppers is a complex function of grasshopper density, species composition, feeding rates, and average longevity. Density and species composition are readily estimated by sampling. A number of feeding studies have been summarized by Hewitt (!977), and the reported average feeding rate of 44.3 mg/GFD is satisfactory for this discussion. Longevity is the least predictable of the 4 factors, but a conservative estimate is 25 days for 4th and 5th instar nymphs plus adults. Thus, for each grasshopper/m* over an area of 1 ha, the seasonal forage destruction is at least 44.3 X 10v6 kg/ GFD X 25 GFD/m* X lOOOOm*/ ha = I 1.08 kg/ha.
The average seasonal density of grasshoppers on rangeland also is difficult to determine. Densities of 30-40/m* are not uncommon and yet some areas of rangeland seldom have densities of more than l/m*. Results from rangeland survey work conducted by personnel of the Bureau of Entomology and Plant Quarantine from 1936 to 1952 showed the average density to be 4.6 grasshoppers/m* (unpublished data by Frank T. Cowan; on file at the Rangeland Insect Laboratory). This average includes 5 years of outbreak conditions (1936) (1937) (1938) (1939) (1940) during which losses were extremely high and 12 years (1941) (1942) (1943) (1944) (1945) (1946) (1947) (1948) (1949) (1950) (1951) (1952) during which densities were lower than normal. An average loss of 5 1 kg/ ha was obtained by multiplying the average density (4.6/m*) times the loss caused by 1 grasshopper/m* over a ha (11.08 kg). Thus the yearly average estimated loss for the 262 million ha of western rangeland would be 13.35 million metric tons. An additional 5 million animal units could be grazed on the forage lost to grasshoppers if it is assumed that each animal unit consumes 2700 kg of forage (a maintenance diet of 9 kg/day for a grazing season of 300 days) (Bell 1973 The average value of the forage produced in 1977 was determined to be $29.44/metric ton. This was calculated from production and value data for cattle and sheep produced in the United States in 1977 (USDA 1978 . Theaverage price/ kg for both classes of livestock was determined to be $0.8832 in 1977. About 30 kg of forage is required to produce 1 kg of gain on a mature cow (Bell 1973) ; thus, 1 ton of forage would produce 33.3 kg of gain. The value of forage is no greater than the meat it produces so the value of 1 ton of forage is ($0.8832 X 33.3) = $29.44. At this rate, the average dollar value of the annual forage loss on 262 million ha of western rangeland would be about $393 million.
A summary of past stocking rates and estimated fomge value for rangeland ecosystems is given in Table 1 . Total utilization can be estimated by adding forage utilized by livestock plus that utilized by grasshoppers. At 342 kg/animal unit month (AUM), 50.9 million tons were harvested livestock. The 13.35 million tons estimated destroyed by grasshoppers, therefore, is at least 21% of all forage that was consumed. In terms of dollars, the total value of 148.8 million AUM's in Table 1 was about $1.34 billion. Since forage worth $393 million was destroyed by grasshoppers, at least 23% of the total forage value was devoted to production of grasshoppers. These estimates probably are quite conservative. We believe that the assumed longevity and feeding rate were provided by valid experiments, but the data were obtained from infestations that were well in excess of our assumed average of 4.6/ rnr over the western range. Because sparse populations tend to live longer and therefore would consume more forage per individual, we are confident that our estimates do not exaggerate the seriousness of the situation. However, forage lost to grasshoppers has economic implications only if that forage was intended for other purposes.
Objectives and History of Grasshopper Control Programs
The cooperative grasshopper control program executed by USDA's Animal and Plant Health Inspection Service (APHIS) is intended to suppress economic grasshopper infestations on rangeland to protect range vegetation or prevent large-scale movement to susceptible crops. If the objective of a control program is to save available forage for consumption by livestock, then it is important that treatment be applied as soon as possible after predominant pest grasshoppers reach the 3rd instar. Later treatments cannot recover forage that has already been lost but are able only to prevent further losses. This does not imply that Late treatments applied to adult grasshoppers cannot be efficacious under some conditions. They may save forage that is worth as much or more than the cost of treatment, but under those conditions, early treatments probably would have been even more efficacious. Late treatments may also prevent egglaying and thereby reduce forage losses in subsequent seasons. However, Blickenstaff et al. (1974) reported no evidence of protection beyond the year of application in 7 of 9 cases studied, either because of rapid reinvasion of treated 1956 1957 1958 1959 1960 1961 1962 1963 1964 1965 1966 1967 Ariz. 109  188  2  122  94  0  13  11  58  91  158  34   Total  836,  562  1,737  332  183  12  224  66  254  363  640  459 lBlanks are missing data. 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 TOtill 0 2  32  80  43  18  66  11  1  0  I  <I  <I  0  <I  2  0  0  57  42  0  2  32  48  52  302  509  305  0  16  37  116  169 areas or because of natural reductions in populations on adjacent untreated check areas. It therefore appears that one cannot depend on anticipated future benefits to amortize treatment costs over a number of seasons. Table 2 shows the approximate area of rangeland treated for grasshoppers by APHIS from 1956 through 1979 in the 17 western rangeland states. Areas treated by individuals or other agencies are not included. Also, areas that have required a second treatment the same year are not included. During the 24-year period, at least 13.6 million ha were sprayed for grasshopper control, for an average of 0.59 million ha/year. The area with economic infestations (defined by APHIS as 8.75 or more grasshoppers/m*) has always exceeded the area treated. According to APHIS records from 1956 APHIS records from -1971 .490 of the infested area has actually received treatment. In 1979, grasshoppers caused widespread problems, and 2.9 million ha were treated by APHIS. This is only l%of the rangeland area in the West. The total area infested again was much greater than the area treated. Information from 9 states (Colorado, Idaho, Nevada, North Dakota, Oregon, South Dakota, Texas, Utah, Wyoming) showed that only 42% of the area infested at economic levels was actually treated by APHIS; thus, forage losses in I979 were probably significant on an additional 4 million ha where control was not attempted.
In cooperative control programs during 1979, the average cost of control on 2.9 million ha was %2.975/ha. Figure 4 , which is based on data from Table 1, illustrates that the value of forage produced on about 84 million ha (about 32% of the western range) is worth about $1.36/ha or less. In those ecosystems, grasshopper control obviously is not economical and cannot be justified by the value of forage that could be protected. It would seem that stocking rates would be maintained at a conservative level so as to avoid serious overgrazing during periods of low forage production and high grasshopper density. Figure 4also shows that about 18.6 million ha (about 7% of the western range) produces forage worth more than $19.75/ha. It is doubtful that control programs would be necessary on such highly productive range because conditions would not be favorable for grasshoppers or forage would be available to maintain both grasshoppers and livestock when grasshoppers are abundant. It therefore appeared that most grasshopper control programs would likely be executed on about 160 million ha (only about 61% of the western range) that produce forage worth about $2.50 to $7.501 ha.
Precise information on the relationship between forage value and area treated is not readily available because APHIS data are tabulated by state rather than by ecosystem. We therefore decided to compare average forage value per ha per state versus average number of ha treated within the state for a IO-year period, Table 2 . [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] . Average forage values were calculated from data in Table 1 by summing the products of area times average value for each ecosystem within a state and then dividing by the total area represented. For Nebraska, for example, average value = 3.9 million ha X $6.47 @ -t 5.8 million ha X $21.36 @ t 9.7 million ha total = $15.35/ha. These average forage values are given in Table  3 , along with the average treated area per state, which were calculated from data in Table 2 .
There was no overall correlation among data in Table 3 . The data points fell into 3 distinct areas. The 3 states where forage value averaged less than $2.50/ha (Arizona, Nevada, and Utah) contain 25% of the western range but only 4.9% of the treated area. That supports the logical hypothesis that grasshopper controls are not applied extensively in areas where controls are not economical. It also raises the possibility that 25% of the western range could be utilized more efficiently if a cheaper method of grasshopper management were available. At the other extreme, the average per ha value of forage in Nebraska was so high that it had little in common with other states and was rejected from further analysis. Data for the remaining 12 states are plotted in Figure 5 rangeland. On the most productive range, most of which is in the Great Plains, it appears that grasshopper management could be a lucrative area for investment of capital, especially if high-value cultivated crops are adjacent to or interspersed with rangeland. It is obvious, however, that most of the treatments have been applied to rangeland where the value of forage that potentially can be saved is worth little more than the cost of treatment. This would seem rational only if the treatment option were less expensive than other management alternatives, which include overgrazing, replacement of range forage with hay, and the forced reduction of herds to prevent overgrazing. On some range, therefore, grasshopper control may be the key that stabilizes the livestock industry at stocking rates that are efficient during the majority of seasons when grasshopper populations are not at outbreak levels. If that is true, then the stocking rate on the more productive areas in Arizona, Nevada, and Utah could be permanently increased by development of a method that could manage periodical infestations of grasshoppers at a cost of about $1.85/ha.
